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The 2.7 Å crystal structure of deoxygenated hemoglobin from the
sea lamprey (Petromyzon marinus): structural basis for a
lowered oxygen affinity and Bohr effect
Holly A Heaslet1,2 and William E Royer, Jr1*
Background: The hemoglobins of the sea lamprey are unusual in that
cooperativity and sensitivity to pH arise from an equilibrium between a high-
affinity monomer and a low-affinity oligomer. Although the crystal structure of
the monomeric cyanide derivative has previously been determined, the manner
by which oligomerization acts to lower the oxygen affinity and confer a strong
Bohr effect has, until now, been speculative.
Results: We have determined the crystal structure of deoxygenated lamprey
hemoglobin V by molecular replacement to 2.7 Å resolution, in a crystal form
with twelve protomers in the asymmetric unit. The subunits are arranged as six
essentially identical dimers, with a novel subunit interface formed by the
E helices and the AB corner using the standard hemoglobin helical
designations. In addition to nonpolar interactions, the interface includes a
striking cluster of four glutamate residues. The proximity of the interface to
ligand-binding sites implicates a direct effect on ligand affinity. 
Conclusions: Comparison of the deoxy structure with that of the cyanide
derivative revealed conformational changes that appear to be linked to the
functional behavior. Oligomerization is coupled with a movement of the first half of
the E helix by up to 1.0 Å towards the heme, resulting in steric interference of
ligand binding to the deoxy structure. The Bohr effect seems to result from proton
uptake by glutamate residues as they are buried in the interface. Unlike human
and mollusc hemoglobins, in which modulation of function is due to primarily
proximal effects, regulation of oxygen affinity in lamprey hemoglobin V seems to
depend on changes at the distal (ligand-binding) side of the heme group.
Introduction
Ligand-linked oligomerization is an important theme in
the regulation of biological function. Important examples
include signal transduction [1,2], dimerization of tran-
scription factors [3] and enzyme catalysis [4]. A simple
model system for such ligand-linked polymerization can
be found in the hemoglobins of the lamprey.
Lampreys, along with the hagfish, are members of the
agnatha ‘jawless vertebrate’ class, the most primitive
known vertebrates. Fossil evidence indicates that the
morphology of the lampreys has changed very little in
the last 300 million years [5]. Nevertheless, lampreys
are competitive organisms in both marine and fresh-
water environments. 
Unlike most vertebrate hemoglobins, lamprey hemoglo-
bins do not assemble into the familiar tetrameric form that
has been widely studied as a model for allosteric protein
function. Instead, their hemoglobins exist in an equilib-
rium between a low-affinity oligomer and a higher-affinity
monomer. Efficient oxygen transport can result from this
equilibrium because the slight cooperative oxygen binding
is coupled with a strong Bohr effect that results from the
stabilization of the oligomer by proton binding [6]. Such a
ligand-linked oligomerization has been termed ‘polysteric
linkage’ to contrast with allosteric linkage in which no
change in molecular weight occurs upon ligand binding [7].
The hemoglobins of the sea lamprey (Petromyzon marinus)
are a mixture of six components differing in their primary
sequence, electrophoretic mobility and isoelectric points
[8]. They also exhibit an unusually strong Bohr effect
(∆logp50 / ∆pH ù 0.7 at 20°C) [9]. Hemoglobin V (pI 5.8)
is the major component, representing 40% of the total
hemoglobin content [8]. Many different crystal forms in
various states of ligation have been grown from lamprey
hemoglobin, including forms possessing 1, 6, 8, 10, 12 or
16 monomers per asymmetric unit [10]. This crystalliza-
tion behavior probably reflects the labile association prop-
erties of the molecule. 
The structure of the monomeric cyanide derivative has
been determined to 2.0 Å resolution [11]. Using this
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structure, a number of models for the structure of a
dimer have been proposed. As only two
histidines — those at the distal and proximal sites — are
present in lamprey hemoglobin, Perutz has proposed that
the Bohr effect derives from the distal histidine forming
part of the dimeric interface [12]. On the basis of
sequence analysis, Li and Riggs proposed that the dimer
would form an interface similar to the α1β2 interface of
human hemoglobin [13]. Additionally, Honzatko and
Hendrickson have proposed three possible dimer assem-
blages based on those observed in human and Scapharca
(mollusc) hemoglobins [14].
We undertook this project in order to determine how the
intersubunit contacts of the oligomer act to lower the
oxygen affinity and to obtain a structural explanation for
the Bohr effect. We present here the 2.7 Å structure of
deoxy lamprey hemoglobin V in a crystal form with
12 monomers per asymmetric unit. The novel dimer
assemblage, which is essentially identical in all six crystal-
lographically unique dimers, provides a structural explana-
tion for the observed functional properties.
Results
Structure determination
The crystals of lamprey hemoglobin V used in this study
show the symmetry of the space group P21 with cell con-
stants of a = 59.6 Å, b = 216.2 Å, c = 75.4 Å, β = 95.8° and 12
protomers per asymmetric unit. This crystal type has not
been previously reported. Molecular replacement using the
program AMoRe [15,16] successfully placed 11 of the 12
protomers in the crystal lattice. The progression of these
calculations is presented in Table 1. Although none of the
correlation coefficients ever rose above 11% for a single
monomer solution, combinations of correct solutions
resulted in reasonable correlation coefficients and allowed
differentiation of correct and incorrect monomer peaks.
Ten of these eleven protomers are arranged in five essen-
tially identical dimers. During refinement, the location of a
twelfth protomer became clear as a partner with another
subunit to form a sixth dimer.
The structure has been refined at 2.7 Å resolution to an R
factor of 19.5% (Free R = 23.2%) using group B factors and
noncrystallographic-symmetry restraints. Because of the
moderate resolution available, strong noncrystallographic
restraints were incorporated throughout refinement. Loos-
ening these restraints allows the conventional R factor to
drop further but does not improve the Free R signifi-
cantly. The data-collection and refinement statistics are
given in Table 2. A Ramachandran plot shows no residues
in disallowed regions and 94.4% in most-favored regions
[17]. Figure 1 presents two regions of 12-fold averaged
2Fo–Fc maps [18].
Significant variations in temperature factors among sub-
units were found to persist during refinement. The average
subunit B factors range from 27 Å2 to 51 Å2 for ten of the
subunits (mean 38.6 + 8.0 Å2). However, the subunits in
one dimer have very high average refined B factors of 65 Å2
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Table 1
Solutions to the rotation function and the translation function.
Rotation function Translation function Translation function
Peak numbers correlation coefficient (%) correlation coefficient (%) R factor (%)
1 16.7 9.5 53.5
2 14.2 8.7 53.7
3 13.5 8.2 53.9
4 13.3 8.7 53.9
5 12.6 10.4 53.2
7 12.0 9.3 53.4
8 11.6 6.7 54.3
10 11.3 7.5 54.0
21 9.9 7.2 54.2
28 9.5 7.1 54.0
36 9.2 8.1 53.7
1 9.5 53.5
1 & 2 13.7 52.5
1,2 & 3 15.4 52.2
1,2,3 & 4 19.8 50.8
1,2,3,4 & 5 25.6 49.2
1,2,3,4,5 & 7 31.2 47.5
1,2,3,4,5,7 & 8 32.5 47.1
1,2,3,4,5,7,8 & 10 35.6 46.0
1,2,3,4,5,7,8,10 & 21 37.4 45.6
1,2,3,4,5,7,8,10,21 & 28 40.4 44.6
1,2,3,4,5,7,8,10,21,28 & 36 43.0 43.8
and 82 Å2. Interestingly, the subunit whose B factors are
the highest was the one not found by molecular replace-
ment, whereas the other, represented by peak number 8 in
Table 1, had the poorest translation-function correlation
coefficient. Removal of these two protomers significantly
increases the R factors and simulated-annealing omit maps
show clear density for both of these subunits. The variation
in B factors could reflect differences in the crystalline envi-
ronment that allow greater movements of these subunits,
consistent with a large contribution of rigid protein motion
to temperature factors [19].
Dimeric assemblage
The dimers of deoxy lamprey hemoglobin V are organized
with the E helices and AB corners as points of contact in
an arrangement not previously observed in the globin
family. Two views of the dimer are shown in Figure 2.
The contacts in the lamprey hemoglobin dimer are com-
pletely different from those present in the vertebrate
tetramer in which the E helices are entirely exposed to
solvent [20]. The known hemoglobin assemblages most
similar to the lamprey dimer are those found in the coop-
erative dimers of the mollusc, Scapharca inaequivalvis [21],
and the echinoderm, Caudina arenicola [22]. In these two
nearly identical dimer assemblages, extensive contacts are
formed through the E and F helices as shown in
Figure 2c. Although a similar face of the hemoglobin
subunit is used in the lamprey dimer, its orientation and
extent of contacting region are quite different from the
molluscan or echinoderm dimer.
The lamprey hemoglobin dimer interface is rather
restricted, with 478.1 + 14.7 Å2 surface area buried by each
subunit in the dimer interface. This is less than half of
that observed in the molluscan or echinoderim dimers, but
slightly higher than that buried in the interface (434 Å2) of
the bacterial Vitreoscilla hemoglobin dimer [23]. The con-
tributions of individual residues to the buried surface area
are given in Table 3.
Table 4 lists the residues involved in dimeric contacts.
Four residues from the AB corner and five residues from
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Table 2
Data collection and refinement statistics.
X-ray diffraction data
Space group P21
Resolution limit (Å) 2.7
Number of observations 147,754
Unique reflections 49,184
Completeness (%)
40.0 Å–2.7 Å 94.7
2.8 Å–2.7 Å 87.2
I/σ
40.0 Å–2.7 Å 12.1




Number of reflections used in refinement (F>2σ) 43,549
Rcrystal† (%) 19.5
Number of reflections used in Rfree (F>2σ) 5599
Rfree† (%) 23.2
Average B factor (Å2)
mainchain atoms 43.8
sidechain atoms 45.2
Root mean square deviation
bonds (Å) 0.007
bond angles (°) 1.364
impropers (°) 1.261
*Rsym = ΣhklΣi|Ii(hkl)| / ΣhklΣi(hkl) where Ii(hkl) is the intensity of an
individual measurement, and I(hkl) is the mean intensity of this
reflection. †R factor = Σ||Fobs–Fcalc|| / Σ|Fobs|, where Fobs and Fcalc are
observed and calculated structure factors, respectively.
Figure 1
Electron-density maps of deoxy lamprey
hemoglobin. In both panels, 12-fold averaged
2Fo–Fc density is shown at the 1σ level.
(a) Dimeric interface region of deoxy lamprey
hemoglobin V. Shown are the sidechains of
Glu31 (E31), Glu75′ (E75′), Tyr30 (Y30), Trp
72′ (W72′) and Asn79 (N79). (b) Heme
region of deoxy lamprey hemoglobin V. Shown
are the sidechains of the distal His (H73),
proximal His (H105), and Ile77 (I77). Carbon
atoms are depicted in yellow, nitrogen atoms
in blue and oxygen atoms in red in this and
subsequent figures. The figure was generated












the E helix of each subunit contribute to the lamprey
hemoglobin dimer interface. The interface comprises
eight probable hydrogen bonds involving the sidechains
of Tyr30, Glu31, Arg71 and Glu75 and the mainchain
carbonyl of Ser28. Figure 3 illustrates these interactions,
as well as the contributions of van der Waals interactions
to the interface. The hydrogen-bonding network created
by the dimerization of lamprey hemoglobin V is in close
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Figure 2
Stereoview ribbon diagrams of the dimers
found in deoxy lamprey hemoglobin and
Scapharca hemoglobin. In each case, the
course of the polypeptide is depicted with
E and F helices colored in red. The heme
groups are shown in black. (a) Deoxy lamprey
hemoglobin V (HbV) with the twofold axis of
symmetry oriented horizontally. (b) Deoxy
lamprey HbV viewed along the twofold axis of
symmetry. (c) Scapharca HbI viewed along
the twofold axis of symmetry. N termini are
labeled as ‘N’. This figure, along with






















proximity to the van der Waals interactions between
the aromatic sidechain of Trp72 and the sidechain
carbons of Asn79 (Figure 3). Additionally, these interface
interactions are close to the distal histidine (His73) and
heme group, suggesting a direct impact of assembly on
ligand affinity. 
Higher-ordered assemblages
The six unique dimers assemble in the crystal lattice into
two very similar hexamers, which can be nearly superim-
posed by a translation of 129.8 Å and a rotation of 43.6°.
The dimers are arranged as one turn of a nearly threefold
helix, but with a translational component that is too small to
allow formation of a continuous helix, as illustrated in
Figure 4. The screw operator relating one dimer to the next
is a rotation of 112°–115°, coupled with a translation of
about 10.4 Å. In this arrangement, packing of a fourth dimer
is sterically prohibited. This arrangement is unlikely to be
physiologically relevant. Rather, it may reflect the high
protein concentration used in crystallization and the labile
association properties of lamprey hemoglobin evidenced by
a large variability of assemblages apparently present in
crystal forms of lamprey hemoglobin [10].
Discussion
Steric reduction of oxygen affinity in the dimer
Cooperativity and the Bohr effect in lamprey hemoglobin
result from the assembly of monomers into oligomers
upon deoxygenation and proton binding. Ligand-binding
analysis indicates that two kinetically different forms
exist — a high-affinity monomer and a low-affinity dimer
[24]. Although higher oligomeric assemblages can form,
their contribution to ligand binding appears to be minimal.
Additionally, there is no evidence of cooperativity within
the dimer; rather it is the equilibrium between two nonco-
operative forms that results in apparent ligand-binding
cooperativity. Thus, the key to understanding the behav-
ior of lamprey hemoglobin is to learn the structural basis
for the low affinity of the dimeric state.
A comparison of the structure of the monomeric cyanide
derivative [11] with that of the deoxy dimeric assemblage
determined here reveals key structural differences at the
ligand-binding site. Dimer formation is coupled to a dis-
placement of the first half of the E helix towards the heme
that is most pronounced near the distal histidine, as can
been seen upon superposition of the cyano-met structure
with one deoxy subunit (Figure 5). Trp72, which con-
tributes the largest surface area to the dimeric interface,
undergoes a striking rearrangement as it packs against
Asn79 in the deoxy dimer. Movements of the sidechain
atoms of up to 8 Å are coupled with mainchain displace-
ments of approximately 1 Å in both Trp72 and the distal
His73 towards the heme group. As a result, the sidechain
of His73 moves towards the ligand-binding site by about
1 Å and alters its orientation (Figure 5). In the deoxy con-
formation, the distal histidine Nδ atom is about 2.8 Å from
both the C1 and N2 ligand positions in an orientation that
precludes forming a stabilizing hydrogen bond with bound
oxygen and probably sterically restricts binding. Addi-
tional steric interference results from the position of Ile77,
which is one turn of the E helix from the distal histidine.
The mainchain atoms of Ile77 are displaced towards the
heme by just over 0.5 Å. As a result, Cδ of Ile77 is only
2.0 Å from the N2 ligand position, which would directly
interfere with ligand binding. In contrast to these struc-
tural transitions on the distal (ligand-binding) face of the
heme, there are no significant conformational changes on
the proximal side of the heme (Figure 5). This comparison
strongly suggests that lower ligand affinity in the lamprey
dimer results from a direct steric interference by distal
residues at the ligand-binding site.
The above structural hypothesis for regulation of oxygen
affinity in lamprey hemoglobin is very different from that
believed to be operative in other cooperative hemoglo-
bins. In the molluscan Scapharca dimeric hemoglobin,
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Table 3
Contribution of individual residues to the total surface area
buried in the dimer interface of lamprey hemoglobin V.
Residue Buried surface area (Å2)
Tyr27 34.0 + 2.0
Ser28 26.7 + 1.3
Tyr30 62.1 + 1.8
Glu31 47.2 + 2.6
Ala68 44.4 + 1.5
Arg 71 59.7 + 2.9
Trp72 106.2 + 2.0
Glu75 34.2 + 0.9
Arg76 9.2 + 1.1 
Asn79 37.6 + 1.5
Table 4
Lamprey hemoglobin V interface contacts.
Subunit 1 Subunit 2 Distance (average of twelve)
AB–E region
Tyr27 (Cε2) Ala68′ (Cβ) 3.5 + 0.2 Å
Ser28 (O) Arg71′ (Nη2) 3.1 + 0.1 Å*
Tyr30 (Oη) Glu75′ (Oε1) 2.7 + 0.1 Å*
Tyr30 (Oη) Arg71′ (C) 3.4 + 0.1 Å
Tyr30 (Oη) Trp72′ (N) 3.0 + 0.1 Å
Tyr30′ (Cε1) Ala68 (O) 3.9 + 0.1 Å
Glu31 (Oε1) Arg71′ (Nη1) 2.7 + 0.2 Å*
Glu31 (Oε2) Glu75′ (Oε2) 2.7 + 0.1 Å*
E–E region
Trp72 (Cη2) Trp72′ (Cη2) 3.9 + 0.1 Å
Trp72 (Cη2) Glu75′ (O) 3.8 + 0.1 Å
Glu75 (Oε1) Glu75′ (Oε1) 3.3 + 0.1 Å
Asn79 (Nδ2) Trp72′ (Cη2) 3.8 + 0.2 Å
*These groups form a plausible hydrogen bond.
cooperativity seems to result almost entirely from steric
effects on the proximal side of the heme, whose impact on
the ligand-binding site is transmitted through the proxi-
mal histidine and heme iron [21,25]. Our results suggest a
more direct effect on the ligand in lamprey hemoglobin,
which occurs entirely on the distal side of the heme. In
mammalian hemoglobins proximal regulation of oxygen
affinity, as a result of the disposition of the F helix, seems
to play a primary role; however, distal effects may also
contribute to cooperativity [20,26].
The difference in distal control of oxygen affinity in
lamprey hemoglobin compared to proximal control in
Scapharca hemoglobin and mammalian hemoglobins may
be reflected in kinetic ligand-binding measurements. In
both Scapharca and mammalian hemoglobins the major
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Figure 3
Stereoview of the subunit interactions formed
in the dimer interface. Backbone worms are
shown in blue for one subunit and red for the
second subunit, and heme groups are shown
in black. (a) The view along the twofold axis of
symmetry, but in the direction opposite to that
in Figure 2b. The figure shows the interactions
between the E helices of the symmetry-related
subunits. Shown is the packing of sidechain of
Trp72 (W72, W72′) against that of Asn79
(N79, N79′), along with the sidechains of the
distal His (H73, H73′) and Glu75 (E75, E75′).
(b) Plausible hydrogen-bonding network
between residues on the E helix of one subunit
and the AB corner of its dimer partner. Shown
is the carbonyl oxygen of Ser28 (not labeled),
the sidechain of Tyr30 (Y30, Y30′), the
sidechain of Glu31 (E31, E31′), the sidechain
of Arg 71 (R71, R71′) and the sidechain of
Glu75 (E75, E75′) and the distal His (H73,
H73′). Plausible hydrogen bonds are indicated












































kinetic basis for modulation of oxygen affinity is a
change in the ligand-dissociation (off) rate, with minor
alterations in the ligand-combination (on) rates [27]. In
contrast, in lamprey hemoglobin it is primarily the
oxygen-combination rate that is altered with oligomeriza-
tion; it is 40-fold higher in monomeric lamprey hemoglo-
bin than it is in the dimer [24]. We propose that it is the
disposition of distal residues in the deoxy dimer that
lowers the combination rate by sterically restricting
binding of ligand. 
An intriguing hypothesis for the dimeric lamprey assem-
blage has been proposed by Perutz [12]. The distal histi-
dine was suggested to participate in the interface by
swinging out from the heme pocket. This movement
would then remove the stabilizing effect of the distal
histidine on oxygen, which could explain lowered
oxygen affinity. We observe no evidence of the distal
histidine leaving the heme pocket (see Figure 1b). Inter-
estingly, the distal histidine does appear to play a key
role in regulating oxygen affinity as proposed by
Research Article  A novel dimeric hemoglobin assemblage Heaslet and Royer    523
Figure 4
Crystalline deoxy lamprey hemoglobin hexamer
assemblage. Stereoview ribbon representation
showing a hexamer of deoxy lamprey
hemoglobin V subunits observed in the crystal
lattice. For all subunits, the course of the
polypeptide is depicted with E and F helices
colored in red, whereas the bulk of the
polypeptide is colored in green for one dimer,
blue for a second dimer and yellow for the third









Stereoview comparison of lamprey hemoglobin
V in the cyano-met (CN-met) and deoxy forms.
Shown in black is a portion of CN-met lamprey
hemoglobin V [11] following alignment with
one subunit of the deoxy dimer. For both the
CN-met structure and the aligned deoxy
subunit, the distal His (H73), Trp72 (W72),
Ile77 (I77), Asn79 (N79), proximal His (H105)
and a worm representation for residues 71–80
of the E helix are depicted, with the blue trace
illustrating the deoxy subunit. In addition, the
heme group and CN ligand of the CN-met
structure are shown. A trace of residues 71–80
of the E′ helix from the adjacent subunit in the
deoxy dimer (red trace) is shown. Note the
striking movement of Trp72 and the more
subtle movement of Asn79 upon dimer
formation, which is coupled with a movement of
the E helix towards the ligand-binding site. This
movement of the E helix results in
conformations of His73 and Ile77, which
appear to sterically restrict binding of ligand.
Additionally, note the lack of conformational


















Perutz — not by moving out of the pocket, however, but
by shifting deeper into the pocket to interfere with
ligand binding.
Oxidation-linked dissociation of subunits in hemoglobins,
which is reversed upon binding of cyanide, is found in five
different phyla (molluscs, echinoderms, annelids, phoronids
and chordates). This has led to a proposal by Riggs that a
similar cooperative mechanism might be operative in all of
these hemoglobins [28]. Prior to this work only the struc-
tures of Scapharca and Caudina hemoglobins (whose modes
of assembly are very similar [22]) had been determined
from this group. Our results indicate a variation on the
theme identified by Riggs. In lamprey hemoglobin the
same face of the globin is used in forming the dimeric
assembly; however, the detailed interactions and coopera-
tive mechanisms are quite different.
Bohr effect
Lamprey hemoglobin shows a strong Bohr effect that
results from the coupling of proton binding with
oligomerization [9]. The data are consistent with the
Bohr groups having pK values in the range of 6.0 [24].
This would most naturally implicate the involvement of
histidine residues at the interface. However, lamprey
hemoglobin has no histidines other than the proximal
and distal histidines. As discussed above, the distal histi-
dine does not participate in the interface, nor can the
proximal histidine. 
The interface observed in the lamprey dimer contains an
unusual cluster of four glutamate residues (see Figure 3b).
In this cluster, the orientation of Glu31and Glu75′ (second
subunit) suggest a hydrogen bond between carboxylate
oxygens with a distance of about 2.7 Å (Table 4). Such a
hydrogen bond is only possible if one of these groups is
protonated. Our structure suggests that dimerization
requires the binding of two protons, one to each
Glu31–Glu75′ pair. Binding of the first proton to a
Glu31–Glu75′ pair could stabilize the dimer interaction,
burying the second Glu31–Glu75′ pair more deeply in the
interface, and thereby encouraging the binding of a
second proton. This provides a plausible structural expla-
nation for the observation of positive cooperativity in the
binding of Bohr protons [29]. The local environment of
the four Glu residues along with some hydrophobic contri-
butions apparently raises the pK values of two of these
groups to approximately 6.0. (It is worth noting, in this
regard, that Glu75 is entirely buried in the dimeric inter-
face.) Similar increases in pK values of Glu residues have
been observed in lysozyme [30] and carboxypeptidase A
[31]. Figure 6 illustrates the positioning of the glutamate
residues inside a hydrophobic cleft. Dimerization of this
interface would enclose these residues in a partially
hydrophobic pocket. Mutational analysis of Glu31 and
Glu75 is consistent with our hypothesis that these
residues are involved in the Bohr effect (A Riggs and
Y Qiu, personal communication).
Biological implications
Effective oxygen transport by the hemoglobins of the sea
lamprey is achieved by a very different mechanism from
the one operative in other vertebrates. Rather than
having the allosteric tetrameric hemoglobins found in
most vertebrates, lamprey hemoglobin exists in an equi-
librium between a low-affinity oligomer and a high-affin-
ity monomer. Proton binding stabilizes the oligomeric
form and, as a result, the slight cooperativity is coupled
with a strong Bohr effect. This study was undertaken to
determine the structural basis for the low affinity of the
oligomer and the Bohr effect.
The structure revealed a novel dimeric assemblage
formed by the interaction of the E helices and AB
corners between subunits. A key structural change is a
displacement of three turns of the E helix towards the
ligand-binding site, which seems to be coupled to dimer-
ization. The disposition of the distal histidine and Ile77 in
the deoxy dimer appears to sterically block the binding of
ligand at the heme iron. Thus, the mechanism for regu-
lating oxygen affinity exhibits a purely distal origin. This
is in sharp contrast to other hemoglobins whose coopera-
tivity results primarily from proximal control.
The dimeric interface of lamprey hemoglobin has a strik-
ing cluster of four glutamates in positions suggesting the
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Figure 6
Solvent-accessible surface representation of deoxy lamprey
hemoglobin V. The semi-transparent surface is colored according to
electrostatic potential: from blue (positive) to white (neutral) to red
(negative). Shown are Tyr30 (Y30), Glu31 (E31), Arg71 (R71), Trp72
(W72), Glu75 (E75) and Asn79 (N79). The figure was generated
using the program GRASP [37].
formation of hydrogen bonds. Our structure suggests
that it is proton uptake by the sidechains of Glu75 and
Glu31 that results in the assembly linked Bohr effect in
lamprey hemoglobin.
Materials and methods
Hemoglobin collection, purification and crystallization
Lampreys were collected from the Connecticut River in Holyoke, MA
during their spring spawning migration and were transported to our lab-
oratory. They were sacrificed by decapitation, their whole blood col-
lected in beakers coated with 0.25 M tripotassium citrate/50 mM EDTA
and saturated with CO. The whole blood was washed three times with
150 mM NaCl by centrifugation at 4000 × g to isolate the red blood
cells and was subsequently stored as packed red cells at –80°C.
The frozen erythrocytes were thawed and resuspended in a twofold
excess of 60 mM phosphate buffer (pH 6.8). The solution was cen-
trifuged at 17,000 × g for 20 minutes to pellet any debris and was sub-
jected to ammonium-sulfate fractionation at 4°C. The precipitate at
35% saturation in ammonium sulfate, which contained little or no
hemoglobin, was removed by centrifugation at 12,000 × g. The super-
natant was increased to 80% saturated ammonium sulfate to precipi-
tate the hemoglobin. The precipitate (centrifuged at 12,000 × g) was
resuspended in a minimum amount of 60 mM phosphate buffer at
pH 6.8, resaturated with CO, centrifuged at 14,500 × g to pellet any
precipitant or denatured hemoglobin, and was dialyzed at 4°C in a
100-fold excess volume of distilled water. The dialyzed hemoglobin
was concentrated by centrifugation in centripreps (Amicon Inc.,
Beverly, MA) at 1000 × g to a concentration of approximately
50 mg/ml.
The components of the hemoglobin mixture were separated using a
flatbed isoelectric-focusing apparatus (FBE-3000, Pharmacia Biotech
Inc., Piscataway, NJ). The major component (hemoglobin V) with an
isoelectric point of 5.8 was isolated. The hemoglobin V was removed
from the sephadex IEF gel by filtration through glass wool using
170 mM phosphate buffer at pH 6.8. The separated hemoglobin V was
then reconcentrated by centrifugation in centricons (Amicon Inc.,
Beverly, MA) at 1500 × g to a concentration of between
40 and 70 mg/ml. The hemoglobin was oxidized to the ferric (+3) form
by adding a 1.1 molar excess of potassium ferricyanide. The solution
was then transferred into an anaerobic chamber (Bactron model,
Anaerobic Systems Inc., San Jose, CA). Once in the anaerobic environ-
ment, the hemoglobin was reduced to the ferrous (+2) state by the
addition of a few grains of sodium hydrosulfite.
X-ray analysis
Crystals were grown by batch method in the anaerobic chamber in
22% PEG 4K buffered in 170 mM phosphate buffer at pH 6.8. Crystals
were mounted in thin-walled glass capillaries in the anaerobic chamber
and sealed with epoxy (Hardman Inc., Bellevelle, NJ). Once out of the
deoxygenated environment, the capillaries were permanently sealed
with Cenco deKhotinsky cement (Thomas Scientific, Swedesboro, NJ).
X-ray diffraction patterns from one deoxy crystal were collected on an
R-Axis II C imaging-plate system mounted on a Rigaku RU200 rotating-
anode generator (Molecular Structure, The Woodlands, TX). Diffrac-
tion-intensity data from 134 exposures were processed with DENZO
[32]. Data-collection statistics are provided in Table 2. On the basis of
the cell constants of a = 59.6 Å, b = 216.2 Å, c = 75.4 Å, b = 95.8° it
appeared likely that there were either 12 protomers (47% solvent) or
10 protomers (56% solvent) per asymmetric unit. 
Structural analysis
The structure was determined by molecular replacement using the
2.0 Å monomeric cyanide-derivative structure [11] as a search mol-
ecule in the program AMoRe [15,16]. Model calculations carried out on
synthetic diffraction data suggested that optimal results could be
obtained using a Patterson cut-off radius of 22 Å and a resolution
range of 8–3.7 Å. Using these parameters, the orientation and posi-
tions of eleven of the twelve protomers were found and improved by
rigid-body refinement.
The initial model was refined using the X-PLOR package [33]. Ten
percent of randomly selected reflections were designated as test reflec-
tions for use in the Free R cross-validation method and used throughout
the refinement [34]. Simulated annealing and Powell minimization were
performed incorporating tight noncrystallographic-symmetry restraints
(weight-ncs = 300). The intermediate structures were fitted in the mol-
ecular visualization program O [35] using Fo–Fc, 2Fo–Fc and averaged
2Fo–Fc maps [18]. The final structure was subjected to bulk solvent cor-
rection, incorporating strong noncrystallographic-symmetry restraints.
Accession numbers
The atomic coordinates and structure-factor amplitudes of deoxy-
genated lamprey hemoglobin V have been deposited in the
Brookhaven Protein Data Bank with accession number 3lhb.
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